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AN FJ2KXERON-MICROSCOPESTUDY OF TEED NITRIIXD~ -STEEL PISTON RINGS

By Thomas P. Clark and Walter A. Viez%kaler

A critical study of the altered surface laTers found on nitriclea-
steel piston rings mn in nitriaeci-steelcylinder barrels was con-
ducted to determine the physical em~ chemical chamcterist ics o? the
altered layers and the mechim by whtch these coating layers were
formed. The electron microscope was used for the e-i=tion of
ai’easthat heretofore could be studied only by electron and X-ray
diffraction. The light microscope wm used to stuti ~oss mfcro-
structures 8ZU3oxiaation-colorpatterns. The followin$ information
was obtained as a result of the investigation:

1. The running faces of nttrided-steel piston rings smeared
during engine oyers,tionand a metallic layer that consisted of a
virtually morphous crust with en underplayerof finely fragmented
crystals was deposited on the ring face.

., 2. The granular portion of the coating layer had chemical
properties simihr to those of the underlying nitriaed steel but
tilevitrecus top layer had a high resistance tom mi~~ion ~ad
corrcsion.

3. The smooth portion of the coating was’apparently formed by
a melttng and flowing of tilesurface as a result of ,friction-developed
temperatures; whereas, the granular portion of t“hecoding was appar-
entl.vformed lm a framnentation and subsequent smearing of the.
strained surface crystals
hia surface pressures.

as a result of &levated temperatures and

INTRODUCTION

-face fi~s ad coat-s generated on piston rings, bearings,
and other rubbing parts of aircraft engines during their.operation -
are of interest because of the decrease in wear and the increasea
load-carrying capacity of run-in sur:aces having such coatings.
Studies of those coatfngs are being ccnductea at the NACA Cleveland
laboratory in an attempt to identify their composition, grain
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structure, and the mechanism of their formation (~eferencas lJ 22
and 3). This information dmuld aid in the uhoice of alloys best
mited f~i-rubbing parts. A determination of the method of forma-
tion is a pr~lipinary step to a possible qmthesis of pretreated sur-
faces having the desirable characteristics imparted by run-in.

The surface coating found on nitrided-steel piston rings (ref-
erence 1) is ideal for a general study of surface deformation and
coating formation. The purpose of the investigationreported herein
was to study the chemical reactivity and microstructure of the rub- .
bing surface snd its proponents. The corrosion resistance and the
surface deformation of ~itrided-steel piston rings run in nitrided-
steel oylinder barrels were studied by examining segments of piston
rings etched with various reagents. The electron microscope WZLS
utilized to examine the surfaces at h~h magnification. The micro-
structure of the defozmed crystals was determined with the aid of
stereoscopic electron micrographs. The rate of oxidaticn of differ-
ent portions of the worn surface was determined by means of heat-
tinting.

APPARATUS

Metallurgical (Idght) Microscope

A Bausch and Lomb research-modelmetallograph was utilized to
examine the etched and heat-tinted specimens and to take the flesired.
light micrographs. A light-blue daylight filter was used in %he
examination and photography of the heat-tinted spectiens.

Electron Microsco~e

An RCA electron microscope, t~e EMB-4, was used to take the
electron micrographs of the spec’imenreplicas. T’hesereplicas were
mounted in the RCA 4° stereo holder and stereoscopic yictures were
made of all the regions of interest. The instrumentmagnification
was determined by measuring electron micrographs of replicas of
a r~leiidiffraction grating (reference 4). The original electron
micrographs were made at an electronic magnification of 4000 diam-
eters and optically enlarged to the magnification shown in the
report.
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Electron Micrograyhs

The”relatively great depth of focus of the electron microscope
makes possible the taking of stereoscopic pictures at high magnifi-
cation. The stereoholder is so constructe~ that rotating the holder
180”=Uetween consecutive.pictures of the ssme field gives a stereo-
scopic jair of negatives. Prints of these negatives when pro~eriy
arranged and exemtned thzzougha viewing device reveal the three-
Urnensicmal microstructure of the original spectien. Representative
i?tereoscopicelectron micrographs of the surfaces studied in con-
nection with this report are included as fi~es 1 to 6. These fig-
ures can be examined with the Abram aer~al-mapping contour finder,
“model FC-2, as ouiJined in refe~’ence5. Rrints
“of each pair (figs. 7 to 19} are discussed.\ . .

EXPERIMENTAL FRCCZZKEE

Tregaration of Specimens

of only cne mem3er-

The cross sections and the running faces of new and used
nitrided-steel piston rings were studied to determine the c-3arac-
.teristics of the surface defamation. The rings were cut into

1~-inch segments to facilitate handling. The specimens intended~
for cross-sectional study weue carefully cleaned sad electroplated
with a layer of nickel ap~oximately 0.03 inch thick. The se@en%s
intended for a study of the rumd.ng face were cleaned but were not
nickel-ylated. The plated se~ents were cut into transverse slices
one-eighth inch Wick and mounted in Bakelite by means of a metallo-

~graphic mounting press. Some of the plated cross sections intended
for light-microscope examination and heat-tintiu~ studies were
mounted in an alloy with a luw melting point. These mmnted s~eci-
nens were caref%lly polished ?wtallcgraphically for satisfactory
observation at high magnification.

were

.

etch

Chemical Etching of Specimens

The cross sections to be examined with the light microscope
g~ven a 3-second etch with 2-percent nital.

The specimens intended for heat-tinting were given a 2-second
with 2-gercent nital and thoroughly dried. The lGw-melting-

point alloy was then melted and the specimns were removed and -
* placed face up ona brass plate heated to approximately 300° C. The

3
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removed.and cooled after the ring section hai been
a red-purple core and a dark-blue case. The tinted
then remounted in the alloy for examinaticn under

the light microscope.

The cress-section specimens from which replicas were made fGr
the electron microscope were etched for 30 seconds with 2-percent
nital,

!Thesegment of the used ring utilized for an electron-
micrographic study of the running face was first etched for 30 sec-
onds with 2-percent nital. After t3atisfactorypictures were
obtained, the segment was etched for 5 seconds with aqua regia. When
the study of this etching treatment was finished, the se@ent was
finally
The new

boiled for 30 minutes in concentrated yo%assium hydroxide.
ring segment was given the same treatment.

Preparation of Replicas for the Electron Microscope

Metal surfaces cannot be dtiectly examined in the electron
microscope because an electron beam can ~enetrate only thin films
a few millionths of an inch thick. Instead, thin replicas of the
ring samples were used to study the surface characteristics imparted
by the various reagents. The two-step polystyrene-silicamethod
(reference 6) is one of the best existing processes for preparing
replicas to be used in the elemtron microscope. A modification of
this method (reference 7) was utilized for preparing all the re~licas
of which electron micrographs appear in this report.

When the mounted cross-section specimens had been etched, they
were again placed in the metal.lographicmounting press and env~gh
methyl methacrylate (Lucite)molding powder was added to nalcea
molded disk approximately 0.005 inch thick. After the mold had
cooled, the mounted specimen was taken frcm the mold and the paper-
thin disk of ylastic was carefully loosened witha dissecting
needle. The @astic diskwas placed replica side down on a fraue
in a high-vacuum appazatus and after a vacuum of 0,1 micron or
better was attained, a thin film of silica was evaporated on the
replica disk from a small tungstoa coil. This silica film was a
positive roylica of the original surface (reference 6).

The silicated
paper cutter. The
squares. A rim.of
edge OE a specimen

replica was cut into l/8-inch squares with a
area to be studied was kept in the center of the
K1-percent gelatins solution was painted on the
screen and when it became sticky the ?x@ica
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square was ~resseclreplica side down against the screen with the
desired portio~ at the center of the screen. Tke gelatine dried
within 15 m@utes and the whol-emount was immersed, screen duwn}
in a flat dish containing freshly distilled Ch10??Ofo233.After
50 minutes the Lucite had dissolved, leaving the silica replica
stuck to the screen with gelatine. The screen was removed, dried,
and examined in the electron microscope.

The etched unplated se~ents of the ring were inserted with
the ruuming face UE between the semicircular halves of e,split
Eakelite plug with the top rounded to conform to the radius of cur-
vature of the piston ring. The plug was of such a thickness that
the ring face of the segment formed a centinuous surface with the
to-psof the plug halves. A Lucite tliskof 1/32-inch thickness was
molded on this curved surface. The Lucite replicas were cracked off
and coated with a silica film as before. T-hesilica was scraped
from the disk except fcr the strip representing the ring face. This
strip was scratched into l/~-inch squares with a razor blade a??iithe
disk was inmersad in chloroform where the silica squares floated
free of the plastic in a few minutes. The squares were removed with
a fine-wire mesh paddle and transfer~ed to a second dish of &loro-
form ~or washing. The residml,Lucite dissolved from the replicas
within a few minutes. The silica replicas were then floated onto
l/8-inch specimen screens and mounted in the holders for electron-
microscope examination.

Light Micrographs

RZSULTS

of Piston-Ring Cross Sections

kcelfainary experiments reported in reference 1 indicated that
the coating ab&an~e frond on~om nitrided-steel piston rings
yossessed a smooth structureless-appearingcross section, which was
not visibly attacked by “theusual metallographic reagents but could
be darlcwnedby hot concentrated po%aseium hydroxide. Results of
the examination reported herein, however, have revealei tht a com-
pletely smooth coating was characteristic of sxeas where little
crystal deformation was evident under the ccating; this defamation
is shown in figure 7. When the crystal deformation under the coating
layer increased, the coating became thicker and began to aprear
granular at the Junction of the coating and the underlying crystals.
Xnextremo cases where severe crystal.deformation and working hs.d
occurr~d, a thick layer of granular worbd metal was found underneath
the coating, which was occasionally ccqletely granular as shown in

5
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:i~uro 8. The ~Tanular coating somtimes appeared stratified with
nu definite relation betmon the thickaess of the coating and the
number of layers present.

The edge of the ring face, which received a severe loading at
the top of the strcke, often showed a deer poc~t of defomed
crystals covered with a thick lens-shaped layer of coating. In
SOLUOcross sections the worked crystal layers built up at the edge
of the ri~ and the coating jutted out over the worked crystal
layer as if it had been smeazzed. AU variations of the coating
were observed on the same cross section.

Inuost of the cases a crose section of the ring revealed the
coating to be only partly granular as shown in figure 9. The smooth
top portion of the coating seemed to le fcmoed to a limited depth
of approximately 0.0001 inch. Thick layers of coating formed on
severely worked surface cryetals have therafore a relatively thick
layer of grenular coating, whereas thin layers may have only a trace
of granular material at the jumction of the coating and the surface
crystals.

The line of demarcation be-hreenthe ccati~~ and the worked
crystals was usually distinct but a tongue of the underlying deformed
crystals occasionally proJected into the coating, which suggested
that the coating trmsformation mmotimes occwred in the surface
Layera of crystals without dislodging them. The top of the coating
layer is usually flat but instances were observed where a waviness
and extreme fluctuations of coating thickness occurred even though
the wnderly-~ surface was relatively flat.

Light Mic~ographs of Heat-Tinted Piston-Ring Cross Sections

The oxidation rate of metal crystals can be determined by
studying the interference ccJors of oxide films formed on metal
surfaces. When an oxid~ film reaches a critical thickness, the
shortest visible wavelengths in the violet region of the spectrum
are suppressed emi the remainder of the s~ectnm is roflacted (ref-
erence 3). This residue of light is complementary to the extin-
guished wavelengths, which results in a yellow reflection from the
film. As the film becomes yrogressivoly thicker, the longor wave-
lengths are supprossod; the shorter are transmitted; and the oxide
film passes through a series of colors complementaryto the absorbed
colors (wavelengths). Tablo I lists tho co~ors and approximate
thicknesses of oxide films formed cn nitridod steel. (See rofcr-
C1lCO 8.)
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The characteristic colors of various”portionsof the piston-
ring cross section and their corresponding ratings are listed in
t~b~e II. The specimen was heated until the core was red purple
and the case was dark blue when exenined witlnoutmagnification,

l?~enexamined at 1500 diameters with the Hght microscope,
the region neazzthe running face in the cross section of the ring
exliibitedmarke~ differences in color, which indicated varying
degrees of oxidation. The smooth portion of the ooating was yellow
orange. This thin oxide film corroborated earlier statements as
to the corrosion resistance of the coating (reference 1). The
granular coating, however, possessed a much thic’keroxide film, the
colors of which suggested that the oxidation rate of this area was
nearly that of the case. Between this coating layer and the
worked crystals was a thin deep-o~de band of coating whose oxi-
dation’rate was less tlnanthat of efther the rough coating or the
worked crystals.

Figure 10 is the az-eashown in figure 9 after the specimn
had leen heat-tinted. The broad dark band below the yellow-orange
oxide film of the smooth coating consisted of bkm and purple
granules. The orange line Qtng between this band and the worked
crystals did not register on the monochromatic film.

The worked layer ljjingjust under the coating was light blue,
which indicated an oxidation rate slightly greater than tbt cf the’
nitrided case. !&e lower ends of the bent surface crystals located
deeper in the case tinted gradually to the intermixed deep-orange
and blue needle-shaped crystc:s characteristic of the case. The
color changed rather abruptly from the case hues to the intense
red-orange and yellow-o-e crystals of the core. The core was
apparently mere resistan~to oxidation than the case. The colors
of the crystals resembled the tint of the smooth portion of the
coating. The “white nitrides” we~e brown, which suggested a s~@”ace
activity lying between that of the case and tiiecore.

Elec%ron Micrographs of Piston-Ring Cross Sections

When only a small deformation of the crystals under tilerunniw
face of the ring occurred, the surface crystals exhibited few signs
of severe working, the only in&ications of deformation being the
slight bend- of the crystals at the surface., Ih an ezea where
severe working was evident (fig. 11), the crystals were bent al.mos,t
yarallel to the surface. This specimen was etched in nitd and tke
increased attack OP.the strained and fr~ented crystal @ates made

7
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the crystals qpar to have been ground up. If any coati~~ had ,
formed on the surface, It lay between the vaguely defined line of
the ring surface and the deformed crystals, These crystals probably
correspond to the worked crystals under We coating In figuz-e9.

An electron micrograph of a coating area similar to figure 9
is shown in figure 12. Only the top smooth portion of the coating
and part of the granular area are visible in the print. The orQ-
ind negative showed the lower edge of the coating as an abrupt line
of demarcation to an area resembling figure 11. The smodk portion
of the coating showed no definite structure even when electron
micrographs were taken at the highest magnification of the electron
mlcrosco~e and erilazzgedoptically to 100,000 dtameters.

The granular area below the smooth coating seemed to be com-
yo~ed of smai,lfrgnts whose structure was finOr and more randOmlY
oriented than that of the severely worked and stratified kj-er~

lying underneath the coating proper. The Granular structure diffused
gradually into the smooth layer with no sharp line of demarcation.

The =ea lying in the plane of the photograph just below the
severely worked crystals of an area similar to figure 11 is shown
in figure 13. The center of the area shown in fi~e 13 occurred
about 0.0007 inch below the ring surface. The ridges of unetched
material characteristic of the nttrhied arm appeared as srx?cih
irregular bands with the finely Titted areas of the strained crystals
etched to a lower level. The unetched ridges usually have lame31cr
sides. F@ure 14 is em electron micro~ra~h of the nltrlded case
below the worked area. The lamellar.sided ridges were still present
b~l-tjthe crystal faces did not etch
m’s ,13.

Electron Micrographs of the

The running faces of unetched

into the f~e pits shown i; fig-

Piston-Ring Running Face

new and .~sedrings w~re examined
for evidence of pitting or corrosiori. Both new- and used-ring
surfaces were free of pits and etched areas. The new ring was
smooth except for parallel shalbw grooves imparted by the finishing
o~eration. The used ring rcsembl.edthe new ring with a less pro~inent
series of grooves ai~dan occasional slight welt such as mi~ht be
callsedby nets.1flow.

When etched with nital, the used-ring surface was revealed to
consist of broad plateaus that rcmalned Unattaclmd and smaller

8
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mnetch.edplateaue, which were apparently the tops of crystals bent
o-ierparallel to the surface. Figure lE is an election mlcrogrqh.
of a nominaliy uncoated area as seen in cross section in figure 12.
The crystal toys were ‘oentover and were covered with a thin film
@ 3mcrphous material. Some evidence of slipbaad formation occurred
in Vce smooth portion of tinecrystais not directly on the surface.
The severely wor’kedcr~stal layers such as appear illfigur~ 11 cti
he seen under the li~s of the bent-over smooth edge.

An actuei coating area, which gave a visible crose section
such as can be seen in a photomic.uograph,oftea extanded heycnd the
llmits of tinefield available in the electron microscope. FiR-
ure 16 shows tileedge of such a coathg azzea. Tliesmooth coatin~
occupies the iower ha7fiof the i’igue ad tilearea of stra”aed
crys%~i edges siopes down from the coating plateau to a surface
visible et tileto~ of the picture, which resembles tlzeunworked
c?.eecrystale in fi~U3?e14.

‘lkeface of the new rhg was severeiy etched by nital, as might
be e~ected from its relatively umlistcrted surface crystals.” small
smooth patches were ~resent, howaver, which were a~~~ei-i-tiytke same
as the coating on the used Yi.ogs. The size and the ap~earance of
the smooth patches suggested t>at they were formei in the same men-
~-eras t~hecoating on the worn rings with the ab?asi.’vegrains from
the finishipq o~eration ge.UeYetiDgthe keat and pressure aa mcxn-
tioned in reference 9.

The new and the used rings were treated with aqua reaia after
tilenital etch in order to verify the chemical resistance of tine
coating. Tileey-tentof tilecoati~ areas decreased buk eleotron
micrographe OY the remaining coating areas revealed these areas to
be SU-DSt.511tial~yU1’iCha~ed. ‘The.new ring wee much tke sme.wi.th
smooth syts still present although their edges had been rounded as
shown in figuro 17.

After the aqua regia etch, the new- and used-r- segnents
were boiled for 50 mi~L~te8 in concentrated ~ota.ssiumhydroxide?
The ~egm=ts tumzed dark, which suggests the formation Or an o-xi.de
Zoe.tlng. Several preliminary Lucite inprebsioiiswere used to clean
Vie oxide from the surface befcre the final Yeplicas were made.
The &nePal surface of the new ring preseritedtwo mzrkedly d-iffer-
ent t~ee of etching. In areas wl?ereshrface worki~ had appazz-
ently occuz”2ed,the smooth spots remain unattached. The worked
crystal face adjacent to the spots %%s etched to’form a columnar
structure rnv.chdifferent from the lacework type of etch observd

9
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after using nital. This difference can be seen by comparing fig-
ures 15 and 18. Unworked surface areas, on the other hand, were
severely attacked but no preferential etching was apparent. The
uniform pebble-grained etch characteristic of this type of area is
shown in figure 19.

The potassium hydroxide etch had no marked effect on the coated
areas of the used piston ring other than to round off slightly the
sharp edges imparted to the crystals by the nital etch. The uncoated
areas of the used ring still resembled figure 15 but the bent crys-
tal tops were undermined at the edges, giving the effect of a pile
of irregular crystals plates.

DISCUSSION

Crystal Eh,gmentation and Formation of Microcrystals

Extensive work has been conducted on the severe distortion of
metals and the accompanying crystallographic changes, Wood (refer-
ence 10) found that metal crystallite oould be ground only to a
limiting size of approximately 10”5 centimeters. Bridgman (refer-
ence 11) obtained similar results in extreme pressure distortion of
metals. Harker (reference 12) found that severely deformed metals
recrystallized into small crystallite immediately after deformation.
With the exception of work in electron and X-ray diffraction, the
recmnt utilization of the electron microscope for surface studies
has tended to show the presence”of surface films, which are either
amorphous or so finely crystalline that the crystallite are beyond
the resolving p~r of the replica methcds currently used (refer-
ence 13). This estimate of orystal size agrees with the work of
Bridgman (reference 11), who found that in some cases the extreme
yressure smearing of a metal genemted a material of such fine
structure that an estimate of the residual grain size by X-ray
diffmction save a value of 10 A.

The controversy as to whether amorphous layers of metals are
formed during polishing has not been settled. Much of the differ-
ence of opinion hae been in the interpretationof diffuse ring
patterns resulting from electron diffraction. Some investigators
believe that a polished surface conqists of a thin amorphous film
under which lie or?.entedmicrocrystals (reference14). Others
believe that diffuse surface patterns oan come from crystalline
material having no surface projections suitable for diffraction
(reference 15).
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Piston-Ring Coating

!llLephysical distortion of the surface crystals was strihting
evli%nce of the eliding pressures present on the piston-rtig face.
Tt.enest sevei’edistortion occwxred when the rhg face was Ssuwd
against the cyl+ader barrel Ju6t after engine ignition. The ~ooves
wcrn in ttiecylinder barrel and the slow rotation of the piston ring
durilv;engine oyeration would allow a piston ring to ride on the
barrel pr~jections. The small contact area with the resulting bi@I
surfa~e ioad~ would.cause localized extreme Fressure szd extreme
tem~erature effects.

X-raX studies of wear products have re~ealed the weezzprocess
& ~l.ee,~entof the test surf.aCe@XG~J~tied ~Yto be a rapicihea. ..

raptd fluctuations of temperature (rei’erence16). Th:s Frocess :s
bozm.eout by electron-diffraction studies of nach+ne-ground surfaces
(reterence 9).

~=ash temperatures resulting fran Frict:cxl heating of snrfacas
decrease rapidly with &epth of ~heatpenetration. In gr-ir.d+ingope:-a-
tions the surface can be melted,and only an anneaiing effect will

occur 10 ‘4 centtieters belcw the surface (rci’erence9). Tkia @th,
of ileatpeneimatton and the ~ccomymying struct~:.re.cheznges &re
shnilar among s~ecimens if the samo metals az-euse~. Thus h“itha
given metal combination where the physical conditions are in a
given range, tinet~e of surface ~isicrt~.onwith depth should te
consistent. The th?cknes~ of the mooth cce.tingvaried Wrou@ a
S?20J_lrsmge ??e3R.tiVel~independent of the degree of working of i~e
u.ndml.yiriisurface as can be seen in figures 7 and 9. Vhis Lack of
thickness varla%ion suggested that the hes.t-ccnductiandifferential
for nitri5ad steel under tk.econditions of ring-friction tmpera-
tu.resfound in normal e~ine operation allowed the rir~ face to melt
to a limiting deptiiof approximately 0.0001 Iach. Thimer Smodh
layers then those present in figures 7 and 9 were observed but a
thicker layer was seldom present except at the edge of the r2rg.

Uhe formation of a smodzh coat”-= without aficcJwmying severe
underlying sarface distortion suggestetithat $he formatton of this
type of layer is due grimarily to a friction-tem~eratureeffect
whereas the formation of the r02&h coating is due primarily to a
pressure-smearing effect. The low pressure friction of the bmrrel
ri~es on the rapidly moving ring conld melt the sxface crusta3s
without seriously distorting the surface} as shcwn in SiWre ~-
The Graduai chan&e from the rough to the smooth phaseu sLv.= in
t3@re 12 au’ported t?nisview. The surface cf the rolWh coati~
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TTm &:pEL3?Wtlyheated tO

sma.red microcrystals to
two phases may have been
SLlrfLWt3 alteration would

a temperature sufficient to melt the
a depth of 0.0001 inch. The formation of
simultaneous. TLe dynamic quality of the
allow the coating fozmation to occur in a

mmber of combinations, as can be Judged from a comparison of fig-
ures 7, 8, and 9.

Mechanism of Coating Formation

Electron-micrograph studies of the running face and the cross
sections of nltri~ed-steel piston rings revealed several features
of the coating-formationprocess Vlat heretofore had been only
indirectly studied by electron and X-ray diffraction methods. This
information when couyled with the results of the oxidation heat-
tiniiingand the work of other investigatorsas listed in the refer-
ences indicated that the coatin~ may have been formed in the followin~
mmne r: The nitrided-case crystals first bent alor@ their planes
of easy slip (reference 17(a)) until the distorted crystal layers
were almost perallel to the surface (reference 10) as shown in fig-
Ul~S 8, 9, and 11. This action wm?k-hardened and strained the
crystal plates until they develo~ed virtual microcrystals within the
strained layers as indicated in figures 11 and 13 (references17(a)
aiid18(a)). Jhcreased press’wreand temperature weakened the strati
junctions of the virtual crystallite (reference 18(b)) until the
plates detached themselves from the suzzfacoand fragmented, smear-
over the worked layers whose depth below the surface or whose pc8i-
tion in front of the pressure point had allowed them to remain a
part of the coherent worked layer shown in figme 8. This process
may have repeated itself in the sam area to give a lamellar effect
as shcwn in figure 8.

The increased temperature that resulted from the in%rnal and
external friction forces acting on the crystals (rofermce 17(3))
tended to oppose the work-herdening. This heat annealed the hardened
microcrystals as suggested ia figure 10. The ificreasedtemperature
also caused a local melting awl retooling, which had the effect of
sintering the grovmd-up microcrystals and welding them to the worked
cr~-~tallayers.

The friction between the top of the granular smear and the
barrel ~e~erated a flash temperature sufficient to melt the smeau
to a depth of approximately 0.0001 inch (reference 9) as shown in
figures 7, 9, and 12. When the pressure-frictionwave had passed,
the film solidified in u instant before crystals of an3 appreciable

,
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elze had a chance to develop (reference u) as
~:is yrccess was continuous, the coating being
in all possibie combinations of the preceding

shown in figure 12.
formed and
outline.

Oxidation Rate as Indication of Strain

“The di:i’erencein oxidation rate of various portions
ring cmoss-f3ection@ area seemed to be dependent not only

reworked

of the
on the

crystal-plane orientation but also on the degree oj?stra~lnof the
crystals. Strained crystals possessed more internal energy than
unstraine~ crystals (reference 18(c) and (d.))and, as indicated in
a comparison of figures 13 and 14, strained crystal surfaces tended
to etch to a greater extent than unstrained crystals. X-ray studies
of nitrided steel have shown that the nitriding process strains the
crystals wherever the nitrides are formed at the crystal boundaries
(reference 19). Where the iron is almost completely changed to iron
nitride, however, the degree of strain is less.

An examination of the oxide-fi~d colors on the used piston ring
revealed the thicbess of the coating of the core, case, and white
nitrides to be in the order of strati; the greater the strain of the
crystal, the thicker.the oxide film. This variation in thictiess
was consistent with the idea of a strained crystal having a greater
available surface energy than an unstrained crystal. On the basis
that the thiclmess of the,oxide film is pyopotilonal to the strained
condition of the crystals, not only the general degree of strain of
a crystal area can be determined but also the points of discontinuity
of strain. The color-tinted ring cross section c-therefore be
analyzed as follows: The umnitrided centr&l portion of the ring had
the thinnest oxide coating of the cross section, which indicated a
relatively unstrained alloy. The blue and orange crystals of the
case indicated a greater degree of strain than was present in t%
core, as a result of the niimiding process. The bent and worked
c~;stals of the case near the surface were strained even more tkn
tilecase because of the working and deformation.

The abrupt demarcation to the orange transition line potnted
out the line of ruptwe of the original sufaco. This orge film,
which indicated reduced strain, may mean that this portion of the
ring was similar in structvn?eto the smooth coating. The extra heat
of friction +j~at re~~ijea from

over the freshly cleft surface
would have welded the s~tergd
surface.

nibbing the ground-up microcrystals
muld have caused a melting, which
crystal smear to the newly e~osed

13

I
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The broad dark lbe of the blue and p,rple crystallite seen
irifl~u.re10 consisted.of partfcles of the same general oxidation
rate es the unhformed case. This similarity in color snggested
that the &ranular portion of the coating still consisted of micro-
crymals of nitrided steel, which had been stress-relievedby’the
ar~eali~ action of fo~ation.

The yeilow+range film of the smooth coating indicated a marked
fi-j.~~e~~ncein oxidation rate between the smooth and rough portions
of the coati~. The smootlacoating may have consisted of extremely
small microcr.vstalstoo mall to be resolved in tineelectron micro-
scope, which recrystallized from the wlted surface when it solidified
(reference 11). If this recrystallizationhad occurred, the possi-
b~lity of the denitriding of tho smooth coating by the flash melting
or the surface layer silouldbe considered, inasmuch as the color of
the smooth coating film was approximately that of the unnitrided core
of’the ring. The thiclrr.essof oxide films should not be ccnstfiered
proof of the above statement, however, inasmuch as the melted surface
coating may have formed a vitreous layer on ccoling that was lees
o~~eato surface oxidation than the gran’~larportion oi’the coatin~
(reference 9].

Structure of l?@ton-Ring

The experimentationthat served as a
revealed the coating structure to be more
nally supposed. Fig~res 7, IS,and 9 have

Coat?bg

3asls for this report
ccmplex than was or3gi.-
shown that tihecoating

consisted of both smoot~.and granular layers. I’igm”ea12} 15, and
16 show a smooth structure that containe~ little evtdence of crys-
ts,lltnity. A coating area ~imil?.r ‘GO f@ure 16: wkn enkzzged to
100,000 dianeters, still ravealed no evidence of structuzzsother
thaa a va&ue ncd:~l.ationthat might have been ch~’acteristic of the
si~j.cafib at this magnif~cat~on.

The silica replica has an average resolutiofiof 50 A, which is.
one-twentteth of the minimum crystal size found by Wood in his metal
d.oformationexperiments (reference 10). The gjramkr stz’uct”areof
the coating shown in fi~ure 12 was, however, wikl:inthe limits spci-
l?iedby Wood, the ncdu.larparticles being approx?.nwtely10-5 centi-
meters across. As can be seen in fi@mas 12, 15 and 16, the smcoth
coating had a much finer structure than this 10-5-centimeter Iinlting
s;ze.

.

1

,

.

.
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T% formation of smear spots on both the new
&it tle similar results obtained with the etching
indj,ceiethat both types of smear were the same.

and the used AXS
reagents seemed.to
It is improbable

that a sti~~cture existed in the smooth coatIng that was not resolved
hec.auseof its resistance to chemicai attack, inasmuch as the coating
Gxitiizedto the same extent as the ring core, and the coat= areas
teweeeed with subsequent etches. The aqua regia and the potassium
Lydroxite should have etched through a metallographic polish layer
20 to 30 A thick a~d should have revealed any slight granularity
indicative of Vne 300 A microc~’ystals~:edicted by Lees (refer-
ence 14). A film of this dimension would account for only the top
(2.1peucent of the total smooth coating thiclmess shown in figure 12.
The lack of a~~arent structwe must be due there~ore not to a resist-
ant material that oannot be etched but to a sluggishly reacting layer
of smooth smeared metal, which is either virtually amcrphous or of
exceedingly small cry~tal size. Ln either case, the dete-rmhation
of residnal crystallinity is difficult lf not impossible inasmuch as
crystals of this size give dtffuse ringsj wkich cannot always be
distinguished from the diffuse rings generated by a liquid mrface,
when studied by electron cr X-Zey dtffractlon. If recrFstal.lization
of the smooth coating occurred: tileresulti~ particles were smaler
til~ the limit of resolution of the electron microscope. BriQnan’s
work with extr6ne crystal”distortion(reference 11) revealed the
presence of extxemely small crystals or crystalline residues that,
on the basis of the lhe broadening of the X-ray rings, seemed to
be ~n the order of 10 A ac~os~.

Cczqosition of Coating

The coating material seemed to come mainly from the piston rings
thense~~ves. The piston-ring face was 5n constant contact with the
hot friction wa~e; ~-hereasthe barrel-surface increments had ordy
momentary ccntact and could dissiyate the heat much more readily
tkan the piston r’hg with less resulting suzzfacedestruction. The
a_:peazzz.ceGf tocgues of distorted crystals projecting into the
smoth coating twiied to verify the formation of the coating from
the ri= natoriai.

The ccriipmitionof the granular pcrtion o? the coating was
pmibe.blys-imilarto that of the case. Work &escri3ed.in roferonce 2
indicated.tkat a residue of austenltic struct= may rmain from tho
incomplete transformation to ferrite after tko tenporaturo offocts
~ncl~~~~ wzi~ the smear formation. T.% smooth coathg may have
contaimd crystal fragnwnts of both t~~es of structuw along with

15
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traces of oxides (rei’el*ences2, ‘3Jand 16) but the bulk of the mate-
rial was probab.lythe same as the granular layer, although ~.tmay
have been denitrided. If the smooth coating were nickel, chronium;
or an ~xide, it would nob form an oxide film at the tinting temper-
atures used. Spectrogzzaphicanalysis has shown that the faces of
the new and used rings give the ssne spectra (reference 1), This
rcnult ~uled out the formation of the coating by foreign netal or

CONCLUSIONS

These
microscope

conclusions are based on a study by means of the li~ht
and the electro~ microscope of nftrided-steel piston

rings run in nitrided-steel cylinder barrels and on the analysis
of the work of other investigatorsas listed in the references. The
statements made apply specifically to nitrided-steel pistoa r:ngs
~L’~ in nitrided-steel cylinder barrela but much of the information
is generally applicable to the mechanisms of wear and surface
deformation of rubbing metals.

Conclusions 1 to 5 are final interpretationsof the l@t
microg~aphs and electron micro~faphs taken of the nitrided-steel
piston ri~s. The statements in conclusion 6 regardir~ the mech-
ar.ismof the coating fmmation ~e not intended as a theory in its
final”form but as an explanation of the phenomena observed. Ln
each step the most logical of several ~ossible neckanisns has been
chosen. At the present time all other possibilities for each step
of the mechansim discussed cannot be absolutely eliminated aii tha
conclusions are dra~,=with this inheroritlimitation in miri:

1. Tne running faces of nitridcd-~teel piston rings smeared
during engine operation and an adherent layer consisting larguly of
piston-riw material was formed on the running face.

2. Tho adherent coating l~r usually consisted of a virtually
amorphous crust with an undorlayGr.of finely fragmented crystals.

(a) T%e granular portion of the coating was made up of cr~stal-
~it~s of nitrided-steel that had been fragmented to a limiting size
and then welded to tho underlying surface,

(b) The smooth ~ortion of the coating
flash molting and the rapid solidification
coating or of workod surface l.ayors.

16
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3. The smooth
.

structure that wae,
was visible in the

portion of the coating had a vitreous-appearing
virtually emorphous. No discernible structure
replicas of the coating material at the limit of

resolution of the electron microscope. Any crystals or crystal
fragments present in this layer were less than 100 A across.

4. !lhe~anular portion of the coating lzq~erconsisted mainly
of small particles approximately 3.000A across, which appeared to
be pressed and sinteretitogether.

5, The granular portion of the coattng layer had chemical prop-
erties s3milar to those of the underlying nitrided steel. The smooth
top layer had a @’eater resistance to oxidation and corrosion than
did the granular portion of the coating and the nitrided steel.

6. The coating layer found on nitrided-steel yiston r+~s that
had been run in nitrided-sieel cylinder
following manner:

(a) High pressures traveling along
crystals yarallel to,the running face.

(b) The strati induced.caused the
their sliyplanes end.the lamellae slid

barrels was formed in tine

the surface bent the surface

crystals to separate along
over each other.

(c) The sliy-plane l.enellaedeveloped virtual microcryata2s
within themselves as a result of severe work-hardening. .

(d) Increased prassure and elevated temperatures weaL%ned the
slip-plane intersections until the lamellae separated from the
worked surface and fragmented, the crystallite grinding to a
limiting size dependent upon the metallurgical characteristics of
the alloy.

(e) The increased heat e~endered during this process pa-rtly
melted and annealed the crystal fragments, sintering them into a
coherent film to form the granular layer.

(2) The increased boundary friction between the smearing
crystals end the intact worked slip planes generated a thin molten
layer of metal, which welded the sintered film to the underlying
worked layers as it cooled.

(G) The formation of the smooth
occwred with the sane or subsequent
ducd the granular smeared layer.

17
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(h) The friction between the top of the granular smear of
crystals and the barrel generated a flash temperature sufficient
to melt the smear to a depth of approximately 0.0001 inch.

(i) When the pressure point had been paseed.,the film solidified
in an instant, freezing the crystal pattern before crystals of azny
apyeciable size had a chance to develop.

(~) The,p&ocess ms continuous, the coating having been fozmed
and reworked in all yossible combinations of the preceding outline.

Aircraft Engine Rose.archLaboratory,
National Advisory Committee for Aeronauticsl

C!leve~.and,Ohio, Ncvember 13, 1945.
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!I!ABLEI - V-ISU}!

NACA TN No. 1132

BEA’WTINTING OF NITRIIED‘ -STEEL Z’ISTONRINGS

[Film thickness values given in this table, which sre
approximate, are taken from reference 8.2

Ca;e I Core

7

.—
‘F1~ I Fi~

Color thick-~ Color thick-
ness I n~~s
(i%) (k)

Li~ht $an Clear
Tan 460. Light tan
Brown ‘ Tan 460
BKown purple 520 Yellow orange
Red puqple tGrange
FllrlQe 630 Red orange
Dark purple 680 Brown Pur@e 520
Dark blue 720 Red purple
Light blue 1 Dark purple 680
Light blue I Dark blue
Greenish blue iLight blue

National Advisory Cozlln%ttee.
for Aerona~tiics

.
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TAELE 11 - OXIDE-ITLM COLORS OF MIOROSTRUCTURAL COMPONZT$TSOF

CROSS SECTIONS OF USED NITFKDED-STEEL PISTON RSNGS

[The pia’tor.-ringsegment was heated to approximately 300° C on a
Imam block with an eiectric hot plate. The comparative oxidation
numbers signify the extent of the oxidation of the components; the
larger the number, the greater the’rate of oxidation.]

Comyar-

Components ative Color
oxida-
ttdn

Coating - smooth tOp layer 1 Yellow orange
Coakillg- rough middle layer 5 Mixed blue and _@rple

g2anules
Coating - rough layer at inter-a 3 tDeop oraage
section of’wo~ked layer

Worked layer under coating 6 Intense light blue
Bent crystals under worked !5 TErberm<ixeddeep-orange and
layer light-blue crJstals

General case ap~earance s Izkermixed deep-orange and
liglhi-bluecr@als

General core appearaaco 2 Intermixed red-orange and
I yelluw-ora~e cryda~s -
Light-blue network between
crystals

White nitrides 4 Brown

National Advisory Cmmittee
for Aeronautics

.
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Fi”gure 1 --- Electron stereomlcrograph of running face of
. - used nitride d-steel piston ring showing bent-over crys-

tals and worked-crystal 4aYerS. Etched in nital. X6000.
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Figure 2. - Electron stereo micro graph of running face of
used nitride d-steei piston ring showing coating area and

worked-crystal layer. Etched in nit ai. X6000.
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Figs. 3,4
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Figure 3. - Eiectron stereo micro graph of cross section of
used nitride d-steei piston ring showing strained crys-

tals and nit rided ridges just under surface of ring.
Etched in nltal. X6000 .
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. Figure 4. - E.iectron stereomicrograph of cross S(?Cti OII Of
used nitride d-steei piston ring showing nit rided case
below worked -cryst ai area. Etched in nital. X6000. ‘
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Figure”5. - Eiectron stereo micro graph of running face of
new nitride d-steel piston ring showing worked surface.
Etched in potassium hydroxide. x6(H3O .

. .

Figure 6. - Electron stereo micro graph of running face of
new nitride d-steei piston ring showing unworked surface.
Etched in potassium hydr?xlde. x600C) .
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Nickel

1
Smooth
coating

Bent crystals

Figure 7. - Light mlcrograph of cross section of used
nitride d-steel piston ring showing smooth coating. Etched

in nital. X1500.

,

1Nickel

.

v.. .. -...y ....- - -* m.
.

~~+;.Q~; .2.;:.;

““””-”~
Granular coating

. Worked layer

Bent crystals
tiACA

c- 1s5s0
10-25.4S

Figure 8. - Light micrograph’of cross section of used
n’itrided-steel piston ring showing granular coating.
Etched in nital. X1500...
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Figs. 9,10

“ TNickel

. . I
-. .-. . --> --- -i

_—Smooth coating
—Granular coating

3

Worked layer

Bent crystals

Figure 9. - Light micro graph of cross section of used
nitrided-steei piston ring showing both smooth and gran -

uiar coating. Etched in nitai. xi500.

-1No color

Figure iO. - Light micro graph of cross section of used
nitride d-steei piston ring shown in figure 9. Etched in

nit ai and heat tinted at 300° C. X1500.
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Figure Il. - Electron micro ~raph of cross’ section of used .
nitride d-steel piston ring showing bent and severeiy
worked crysta is. Etched in nital. Xio, ooo.
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Figure 12. - Electron micro graph of cross section of used
nitride d-steel piston ring showing emooth and granular -
coating. Etched in nitai. Xio, ooo.
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+igs. 13,14

Stra!ned
crystal

Nitrlded
ridges

Figure 13. - Electron micro graph of cross section of used
nitride d-steel piston ring showing strained crystals and
nit rided ridges just under surface of rin9= Etched in

nit al. Xlo, ooo.
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Figure 14. - Electron micro graph of cross section of used
nitride d-steel piston ring showing nit rided case below
worked-crystal area. Et bhed in nltal. Xlo, ooo.
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Figs. 15,16
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Figure 15. - Electron mlcrograph of running face of used
nitride d-steel piston ring showing nominally uncoated area
with bent-over smeared crystals and worked-crystal layer.
Etched in nltal. Xio, ooo.
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Figure 16. - Electron micro graph of running face of used
nitride d-steel piston ring showing coating area and worked-
crystal layer. Etched In nital. Xlo, ooo.
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Figure 17. - Eiectron micro graph of running face of new
nitride d-steel piston ring showing smears probably caused
by abrasive part ici es. Etched in nitai and aqua reg ia.
Xlo, ooo.
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. Figure 18. - Eiectron micro graph of running face of new
nitride d-steei piston ring showing worked surface area.
Etched in potassium hydro~i de. Xlo,ooo:
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Figure 19. .- Electron micro graph of running face of new
nitride d-ring showing unworked surface area. Etched in
potassium hydroxide. Xlo, ooo
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